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NEAR FIELD ACOUSTIC MEASUREMENTS IN NATURAL AND 
ARTIFICIALLY EXCITED HIGH SPEED SUBSONIC JETS 

by * 
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and * 

G.L. Morrison 
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Mechanical Engineering Department 
College Station, Texas 77843 


ABSTRACT 

Acoustic measurements have been made in the "near" 

(r/D < 60, x/D < 60) field for high Reynolds number 
{184,000 to 262,000) axisymmetric cold air jets exhausting 
at atmospheric pressure. These measurements were in 
conjunction with an investigation which characterized the 
large scale coherent structure in the flow field of Mach 
number 0.6 to 0.8 jets. Natural jets as well as 
artificially excited jets were studied. Directivity plots 
were made for both natural jets and jets excited at various 
frequencies. Overall noise radiated by the jets was found 
to reach a maximum value around 30° from the jet axis. 
However, individual frequencies emitted maximum SPL at 
different angles from the jet axis. As the angle from the 
jet axis increased, the spectra of the noise shifted to 
higher frequencies. Axial wave number-frequency 
measurements were utilized to produce a relationship 
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between phase velocity and frequency. It was found that 
the coherent structure's axial wave speed decreased with 
decreasing frequency much in the same way the angle of peak 
noise emission decreased with decreasing frequency. We 
propose that it was this slowing down of the wave speed 
that caused the decrease in the peak noise emission angle. 
The noise production mechanism in the jet was found to be 
more r sponsive to mid-band excitation frequencies. 
Excitation at these frequencies caused a small increase in 
SPL at the frequency of excitation, but a much larger 
increase in full spectrum noise. Segments of acoustic 
phase fronts were measured indicating that some of the 
noise produced by the jet could be directly attributed to 
the large scale coherent structure. The origin of the 
phase fronts was found to be located in the potential core 
region of the jet. 
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Description 

phase velocity of disturbance 

diameter of the jet 

frequency (Hz) 

complex wave number 

imaginary portion of k 

real portion of k 

Mach number 

azimuthal mode number 

Reynolds number (f U Q D/>t ) 

radial distance from the jet centerline 

Strouhal number ( f D/U Q ) 

centerline velocity at the exit of the jet 

downstream distance from the nozzle exit 

axial wavelength 

azimuthal angle 

relative phase 

angle from jet axis 

density 

viscosity 



I . INTRODUCTION 


The existance of orderly structures in axisymetric 
jets of air has been well established since the first 
observations by Mollo-Christensen [1-2] . Since that time, 
the role of large scale coherent structures in the noise 
generation process of jets has been analytically and 
experimentally investigated by many investigators [3-32] . 
Some of the theories developed predict that organized 
structures in the jet are of prime importance in the noise 
production mechanism. 

For low Reynolds number, transonic and supersonic 
jets[14, 15 ,20-22,26] , large scaJe organized structures 
which cause a major portion of the radiated noise have been 
experimentally confirmed. In subsonic jets, many 
experiments have been performed in order to determine the 
noise production mechanism. Mollo-Christensen [1-2] first 
observed the coherent structure in subsonic jets (0.15 < M 
< 0.9) by using space-time correlations in the near 
pressure field. He also measured far field noise spectra 
and directivity patterns. It was believed that the 
organized structure radiated acoustic energy more 
effectively than a random structure. 

Crow and Champangne [7] examined the organized 
structure in very low speed jets of air (M < 0.1) by using 
a speaker to artificially excite the jets in the 


axisymmetric mode (n*0), They used both hot-wire 
anemometry and flow visualization to identify the flow 
field. It was concluded that there was an orderly 
structure in the jets and this structure could be 
approximately characterized by a linear stability theory. 

Maestrello and Fung [13] used microphones in the near 
acoustic field of a turbulent Mach number 0.669 jet in 
order to study the large seals structure. They found that 
the large scale structure originated near the jet exit 
which appeared first as a roll up on the mixing layer of 
the flow within oue diameter from the jet exit, became 
fully developed at approximately three diameters and 
disappeared beyond the end of the potential core. The 
Strouhal number based on the most probable frequency for 
the fully developed structure was in the range of 0.3 to 
0.4. The convection velocity was relatively low at the 
exit of the nozzle, reached a maximum at the end of the 
potential core, and decreased as the flow progressed 
further downstream. 

The present research- was conducted to determine the 
Mach number dependence of these coherent structures (see 
[24,32]). Acoustic measurements were made in conjunction 
with the flow field measurements. This paper will present 
the results of these acoustic measurements and investigate 
relationships between the coherent structure and the noise 
emitted . 


II. EXPERMENTAL APPARATUS 


Facility 

In this present study, three Mach numbers (0.6, 0.7, 
0.8} were considered. The experiments were performed in 
the free jet test facility shown schematically in Figure 1. 
Round axisymmetric air jets 1.25 cm in diameter were 
exhausted at atmospheric pressure into an anechoic chamber. 
Compressed air was supplied by a reciprocating compressor 
to a 30 cm diameter stilling chamber by way of a storage 
tank, water aftercooler, water separator/filters, an 
electronic pressure regulator, and a muffler. The stilling 
chamber consisted of sections of foam rubber, perforated 
p]„ates, honeycomb, and several fine screens. The nozzle 
used had a contour described by a third order polynomial 
and the contraction ratio from the stilling chamber to the 
nozzle exit was over 200:1. The jets had a stagnation 
temperature of 293°K. This flow system resulted in a jet 
with uniform parallel flow at the exit and a low level of 
turbulence. 

Instrumentation 

Acoustic measurements were made using Bruel and Kjaer 
condenser microphones. Depending on the frequency being 
studied, either a 1/4 or 1/8 inch microphone was used. All 
microphones were calibrated with a Bruel and Kjaer model 
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4220 piston phone. Signal conditioning {band pass 
filtering and amplification) was performed by TSI 1057 
signal conditioners. Two General Radio 1564A Sound and 
Vibration Analyzers were used to bandpass filter at either 
1/3 or 1/10 octave. Acoustic spectra and cross 
correlations were performed using either a Nicolet 660A 
Dual Channel Spectrum Analyzer or a Saicor SAI 42 
Correlation and Probability Analyzer. 

For some measurements, an artificial excitation device 
was used to stabilize the jet modes into one plane of 
oscillation or to provide a phase reference for measuring 
acoustic phase fronts. The device operated by generating a 
sufficiently large voltage to create a spark across a 1.5 
mm gap between two electrodes. The electrodes were 1/16 
inch diameter thoriated tungsten rods which had been ground 
to fine points. This spark effectively put a small 
controlled disturbance in the jet. These electrodes were 

i 

mounted on the bottom of the jet nozzle («O-*180°) and at 
the exit plane of the jet (x/D-0). The electrode points 
were^put into the shear layer with one electrode further 
into the jet than the other so that the spark would jump 
across the shear layer. 
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III. EXPERIMENTAL RESULTS 
Jet Operating Conditions 

The present research was undertaken to investigate and 
experimentally identify the large scale coherent structure 
in the flow field of Mach number 0.6 to 0.8 jets along with 
the associated noise production. Table 1 shows the Mach 
numbers investigated along with their corresponding 
Reynolds number and value of d/U q , which was used to 
nondimensionalize frequency. ' (In this study all 
frequencies are presented in terms of the nondimens ional 
Strouhal number, St). 



Table 

I 


Jet Operating 

Conditions 

M 

Re 

D/U Q (sec) 

0.6 

184,000 

.0000632 

0.7 

221,000 

.0000548 

0.8 

262,000 

.0000486 


SPL Contours 

» 

Sound pressure level (SPL) contours were measured in 
the "near" (r/d < 60, x/D < 60) field of the natural M*0.6 
jet and can be seen in Figure 2. These contours seem to 
indicate that for this jet, the noise Was generated from a 
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location near the end of the potential core {x/b*5)« This 
axial location- also corresponds to where the mass velocity 
fluctuations reached a maximum level [24,32] . The contours 
obtained for this jet compare favorably with the 
measurements made by Stromberg[25] with a low Reynolds 
number M*0.9 jet, and also with the measurements of 
Mollo-Christensen [2] for high Reynolds number, M*0.8 and 
M«0 . 9 jets. The maximum sound pressure level measured in 

the acoustic field was 122 db. 

* 

SPL Directivity 

The sound pressure level as a function of the angle 
from the jet axis (J) was measured for all three of the 
jets studied. These measurements were made at a constant 
radius of 36 diameters from the nozzle exit. This data is 
presented in Figure 3. The overall SPL increased with 
increasing Mach number and, in all three cases, reached a 
maximum at 30° from the jet axis. This is consistent with 
the findings of Mollo-Christensen et.al. [1] who also found 
that the noise reached a maximum at 30° for a high Reynolds 
number M=0.9 jet. 

Artificial excitation was used to stabilize the jet 
and to provide a phase reference for the characterization 
of the coherent structure in the flow field and the 
measurement of acoustic phase fronts. To determine the 
effect artificial excitation had on the acoustic field, the 



SPL as a function of £he angle from the jet axis ($) 
measurements were repeated for the excited M-0.6 jet. The 
microphone signal was bandpass filtered from St-0.063 to 
1.264 while the jet was excited at each of six arbitrarily 
selected frequencies. The results of these measurements 
can be seen in Figure 4. As the frequency of excitation 
was increased from St-0.158 to 0.474, the peak SPL 
increased from 98 db to 102 db. In 'addition, at St-0.316, 
the noise became less directional and hence the overall SPL 
increased substantially. Increasing the Strouhal number 
from 0.474 to 1.264 resulted in the peak SPL decreasing 
with increasing frequency. This illustrates that the noise 
production mechanism in the jet is a more effecient noise 
producer when excited at the mid-band frequencies. This 
also happens to be the frequency range where the majority 
of noise is radiated as observed by other investigators. It 
should be pointed out that the noise generated by the 
artificial excitation device was measured with the flow 
off. When corrections were made to the SPL measurements in 
Figure 4, the SPL amplitude changed less than 0.2 db. 
Therefore any noise produced by the excitation device 

i 

directly was deemed negligible. 

Individual frequencies were studied by 1/10 octave 
bandpass filtering the microphone signal about the 
excitation frequency. These individual frequency 
measurements are shown in Figure 5. Shown in this Figure 


are the natural jet sound pressure levels along with the 
excited jet sound pressure levels. In all cases, the 
excited jet levels are slightly higher than the natural jet 
levels. The largest differences occurred when the jet was 
excited at St*0.948 and St*1.264, The slight increase in 
SPL was probably due to the exciter slightly enhancing the 
coherent structure fluctuation amplitude at the frequency 
of excitation and hence increased the noise at that 
frequency. In Figure 4, it was shown that considerably 
more noise was produced when the jet was excited by 
mid-band frequencies. However, this magnitude of increased 
SPL was not evident in the individual frequency 
measurements. This indicates that excitation at the 
mid-band frequencies increased the broad band noise in 
addition to the noise at that individual frequency. 

Spectra were also recorded at various angular 
locations from the jet centerline for each of the jets and 
can be seen in Figures 6, 7, and 8. An obvious trend 
observed in these spectra is that the frequencies in the 
jet shift towards higher values as the angle from the jet 
centerline (l) increases. This phenomenom is also 
observable in the individual frequency directivity plots 
(Figure 5). An explanation for this angular dependence of 
the frequencies in the jet was given by Mollo-Christensen 
and Narasimha [33] . They postulated that a sound wave 
traveling in the downstream direction will be moving at the 


speed of sound with respect to the air in the jet and with 
a Mach number of M+l with respect to the outside air. The 
noise transmission will therefore be at an angle given by: 

Ji =* cos ^(1/1+M) 

Sound waves moving obliquely to the jet axis will be 
transmitted and reflected by the shear layer. This will 
cause certain long wavelengths to resonate back and forth 
across the jet. All waves will be radiated according to 
the equation stated, but by the time? the waves which have 
been bounced back and forth many times are radiated they 
have been carried downstream into a region where the Mach 
number has decreased. Thus if M has decreased the vrl* * of 
J will be smaller. This would account for the low 
frequency maxima near the jet axis and the the high 
frequency maxima further away from the jet axis. 

The above explanation was proposed without detailed 
information about the characteristics of the coherent 
structures in the jet' which produce the noise. We have 
measured the axial wave number-frequency relationship for 
the j^ets currently being studied and have compared them to 
results obtained by other investigators [3,21,26,30] . 
Detailed results of these measurements have bean presented 
in reference [24] . A synopsis of the results are shown in 
Figures 9 and 10. 

Figure 9 shows the axial wave number-frequency 
relationship for both natural and artificially excited jets 
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with Mach numbers greater than 0.3. The same relationship 
between the axial wave number and frequency was found for 
all of these jets. For these jets, the Reynolds numbers 
ranged from 3,700 to over 500,000, the Mach numbers ranged 
from 0.3 to 2.5, and some of the shear layers were laminar 
and others were turbulent with various thicknesses. A 
linear curve fit of all the data using a least squares 
method shows that wave number-frequency relationship can be 
expressed by: 

krD - 0.7735 + 7.226*St 

This expression can be rearranged further to produce an 
equation relating the axial wave speed of the disturbance 
(phase velocity, C ph ) and frequency. Realizing that 
Cph=/\ff St=fD/U Q , and X=27f/k r , the following expression can 
be obtained: 

c ph / U o = (2*1T*St)/(0. 7735+7. 226*St) 

A plot of this relationship can be seen in Figure 10. This 
figure reveals that above a Strouhal number of about 0.4, 
the phase velocity (C remains fairly constant at 75% of 
the jet exit velocity. Below St=*0.4, the phase velocity 
decreases with decreasing frequency. This phase velocity 
variation at low frequencies was also noted by Troutt and 
McLaughlin[30] . 

In light of the above sound emission directivity 
discussion, it is interesting to note that the phase 
velocity (C decreased with decreasing frequency much in 



the same way that Mollo-Chris a.'V3 Narasimha[33] 
suggested convection and tarried the lower 

frequency sound waves into region.# ci slower mean flow 
before being emitted to the surroundings. We propose that 
there is an interaction between the coherent structure's 
axial wave speed and the peak sound ^mission angle (J) such 
that lower wave speeds result in lower angles. 

Acoustic Phase Measure.; nrs 

To determine if the noise measured was indeed produced 
by the coherent structure in the jet, acoustic phase 
measurements were made. These were performed by 
artificially exciting the jet and cross correlating the 
microphone signal at various locations in the acoustic 
field with the exciter input signal. Prom this measurement 
a. phase relationship was obtained. This procedure yielded 
limited success in this study, however, we are currently 
improving our data reduction techniques in order to obtain 
more extensive results. The results that we were able to 
obtain are shown in Figure 11. This figure shows segments 
of acoustic phase fronts obtained when the jet was excited 
at a frequency of St=*0.316. The fact that acoustic phase 
fronts could be measured indicates that some of the noise 
produced by the jet is directly related to the coherent 
structure. Using a ray tracing technique described by 
Schubert [34] , the apparent origin of the coherent noise is 


in the potential core region of the jet. This happens to 
be the region where the flow fluctuations reached their 
maximum level. 
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IV. CONCLUSIONS 

Acoustic measurements revealed that the major noise 
source in the M*0.6 jet appears to be located near the end 
of the potential core. This corresponds to the axial 
location where the flow fluctuations reach a maximum level. 
This result was also obtained by other investigators [1,25] . 
Overall noise radiated by the jets was found to reach a 
maximum value around 30° from the jet axis. However, 
individual frequencies emitted maximum SPL at different 
angles from the jet axis. As the angle from the jet axis 
increased, the spectra of the noise shifted to higher 
frequencies. Axial wave number-frequency measurements were 
utilized to produce a relationship between phase velocity 
(C h ) an< ^ frequency. It was found that the coherent 
structure's axial wave speed decreased with decreasing 
frequency much in the same way the angle of peak noise 
emission decreased with decreasing frequency. We propose 
that it was this slowing down of the wave speed that caused 
the decrease in the peak noise emission angle. The noise 
production mechanism in the jet was found to be more 
reponsive to mid-band excitation frequencies. Excitation 
at these frequencies caused a small increase in SPL at the 
frequency of excitation, but a much larger increase in full 
spectrum noise. Segments of acoustic phase fronts were 
measured indicating that some of the noise produced by the 


jet could be directly attributed to the large scale 
coherent structure. The origin of the phase fronts 
found to be located in the potential core region of 


REFERENCES 


1 Mollo-Christensen, E., Koplin, M.A., and 
Martuccelli, J.R. , "Experiments on jet Flows and Jet Noise 
Far Field Spectra and Directivity Patterns", Journal of 
Fluid Mechanics, Vol. 18 (1964), pp. 285-301. 

2 Mollo-Christensen, E., "Jet Noise and Shear Flow 
instability Seen from an Experimenter's Viewpoint", Journal 
of Applied Mechanics, Vol. 34 (1967), pp. 1-7. 

3 Armstrong, R.R. , "Influence of Mach Number on 
Coherent Structure Relevant to Jet Noise", AIAA Journal, 
Vol. 19 ( 198V) , pp. 677-683. 

4 Brunn, H.H., "A Time-Domain Analysis of the 
Large-Scale Flow Structure in a Circular Jet. Part I: 
Moderate Reynolds Numbers", Journal of Fluid Mechanics, 

Vol. 83 (1977), pp. 641-671. 

5 Chan, Y.Y., "Spatial Waves- in Turbulent Jets", The 
Physics of Fluids, Vol. 17 (1974), pp. 46-53. 

6 Chan, Y.Y., "Noise Generated Wavelike Eddies in a 
Turbulent Jet", ICAS Paper No. 76-42 (1976). 

7 Crow, S.C. and Champagne, F.H., "Orderly Structure 
in Jet Turbulence", Journal of Fluid Mechanics, Vol. 48 
(1971), pp. 547-591. 

8 Kibens, V., "Discrete Noise Spectrum Generated by 
an Acoustically Excited Jet", AIAA Journal, Vol. 18 (1980), 
pp. 434-441. 

9 Kibens, V., "The Limits of Initial Shear-Layer 
Influence on Jet Development", AIAA Paper No. 81-1960, 

1981. 


10 Lau, J.C. and Fisher, M.J., "The Vortex-Street 
Structure of 'Turbulent' Jets, Part I", Journal of Fluid 
Mechanics, Vol. 67 (1975), pp. 299-337. 

11 Lau, J.C. , Fisher, M.J., and Fuchs, H.V., "The 
intrinsic Structure of Turbulent Jets", Journal of Sound 
and Vibration, Vol. 22 (1972), pp. 379-406. 

12 Liu, J.T.C., "Developing Large-Scale Wavelike 
Eddies on the Near Jet Noise Field", Journal of Fluid 
Mechanics, Vol. 62 (1974), pp. 437-464. 


13 Maestrello, L. and Fung, Y.T., "Quasi-Periodic 
Structure of a Turbulent Jet", Journal of Sound and 
Vibration, Vol. 64 (1979), pp. 107-122. 

14 McLaughlin, D.K., Morrison, G.L., and Troutt, T.R., 
"Experiments on the Instability Waves in a Supersonic Jet 
and Their Acoustic Radiation", Journal of Fluid Mechanics, 
Vol. 69 (1976), pp. 73-95. 

15 McLaughlin, D.K., Morrison, G.L., and Troutt, T.R., 
"Reynolds Number Dependence in Supersonic Jet Noise", AIAA 
Journal, Vol. 15 (1977), pp. 526-532. 

16 McLaughlin, D.K., Seiner, J.M., and Liu, C.H., "On 
the Noise Generated by Large-Scale Instabilities in 
Supersonic jets", AIAA Paper No. 80-0964, 1980. 

17 Michalke, A. and Fuchs, H.V., "On Turbulence and 
Noise of an Axisymmetric Shear Flow", Journal of Fluid 
Mechanics, Vol. 70 (1975), pp. 179-205. 

18 Moore, C.J., "The Role of Shear Layer Instability 
Waves in Jet Exhaust Noise", journal of Fluid Mechanics, 
Vol. 80 (1977), pp. 321-367. 

19 Morris, P.J. and Tam, C.K.W., "Near and Far Field 
Noise from Large-Scale Instabilities of Axisymmetric Jets", 
AIAA Paper No. 77-1351, 1977. 

20 Morrison, G.L. and McLaughlin, D.K., "The Noise 
Generated By Instabilities in Low Reynolds Number 
Supersonic Jets", journal of Sound and Vibration, Vol. 65 
(1979), pp. 177-191. 

21 Morrison, G.L. and McLaughlin, D.K., "The 
Instability Process in Low Reynolds Number Supersonic 
Jets", AIAA Journal, Vol. 18 (1980), pp. 793-800. 

22 Morrison, G.L. , "Effects of Artificial Excitation 
Upon a Low Reynolds Number Mach 2.5 Jet", AIAA Paper No. 
81-2010, 1981. 

23 Morrison, G.L. and Wattanachayakul , M., "Large 
Scale Structures in a Mach Number 0.7 Jet", AIAA Paper No. 
81-0059, 1981. 

24 Morrison, G.L. and Whitaker, K.W., "Mach Number 
Dependence of the Coherent Structure in High Speed Subsonic 
Jets", AIAA Paper No. 82-0049, 1982. 


25 Stromberg, J.L., "Flowfield and Acoustic 
Measurements of Low Reynolds Number Jets in the Transonic 
Range”, Unpublished Master of Science Thesis, Oklahoma 
State University, Stillwater, Oklahoma, 1978. 

26 Stromberg, J.L., McLaughlin, D.K., and Troutt, 

T.R., "Plow Field and Acoustic Properties of a Mach Number 
0.9 Jet at a Low Reynolds Number", Journal of Sound and 
Vibration, Vol. 72 (1980), pp. 159-176. 

27 Tam, C.K.W., "Directional Acoustic Radiation from a 
Supersonic Jet Generated by Shear Layer instability", 
Journal of Fluid Mechanics, Vol. 46 (1971), pp. 757-768. 

28 Tam, C.K.W., "On the Noise of a Nearly Ideally 
Expanded Supersonic Jet", Journal of Fluid Mechanics, Vol. 
51 (1972), pp. 69-95. 

29 Tam, C.K.W., "Supersonic Jet Noise Generated by 
Large-Scale Disturbances", Journal of Sound and Vibration, 
Vol. 38 (1975), pp. 51-79. 

30 Troutt, T*R. and McLaughlin, D.K., "Experiments on 
the Flow and Acoustic Properties of a Moderate Reynolds 
Number Supersonic Jet", Accepted for publication in the 
Journal of Fluid Mechanics. 

31 Wattanachayakul, M., "Characterization of the 
Coherent Structure in a High Speed Subsonic Jet", 
Unpublished Master of Science Thesis, Texas A&M University, 
College Staion, Texas, 1980. 

32 Whitaker, K.W., "Mach Number Dependence of the 
Coherent Structure in High Speed Subsonic Jets", 

Unpublished Master of Science Thesis, Texas A&M university, 
College Station, Texas, 1982. 

33 Mollo-Christensen, E. and Narasimha, R. , "Sound 
Emmission at High Subsonic Velocities", Journal of Fluid 
Mechanics, Vol. 8 (1960), pp. 49-60. 

34 Schubert, L.K., "Numerical Study of Sound 
Refraction by Jet Flow", Journal of the Acoustical Society 
of America, Vol. 51 (1972), pp. 439-462. 









Sfl(db) 


m y 


« * 


25 





Figure 4. continued 
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